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A new phenotype mapping to the t-complex, which is designated Brachyury the Second (T2), is characterized by a slightly
shortened tail in heterozygotes and homozygous failure to form an organized notochord with subsequent abnormal develop-
ment of posterior somites and neural tube. The phenotype of T2 super®cially resembles that of Brachyury; however, there
are several important differences. Brachyury homozygotes fail to make posterior somites, notochord, ¯oor plate, and a
placental connection, resulting in death by 10.5 days of development. In contrast, T2 homozygotes make posterior somites,
scattered notochord cells, and ¯oorplate and achieve an allantoic connection. However, despite making a maternal connec-
tion, T2 homozygotes cease development at E11.5 and die soon after. We have cloned and analyzed the transgene insertion
site, which maps within 100 kb of the Brachyury gene, but does not seem to physically interrupt nor affect transcription
from that locus. The existence of a second gene mapping near Brachyury and affecting the same developmental processes
was alluded to over 50 years ago and has been debated ever since. An embryological description of T2 is presented, as is
a discussion of the implications of a single, larger Brachyury locus versus two closely linked genes coordinately regulating
axial development. q 1995 Academic Press, Inc.
INTRODUCTION combination suppression associated with their inversions,
characterizing how many mutations are involved has not been
a trivial task. This dilemma has been a genetic curiosity sinceOver the past few years efforts by many laboratories have
1945 when L. C. Dunn and E. Caspari ®rst described it. Theyresulted in the identi®cation of at least a dozen genes involved
referred to the interaction between T and t as ``pseudoalleles''in the genesis of chordamesoderm. Although developmental
biologists have welcomed the cloning of the most celebrated (Dunn and Caspari, 1945). T behaves as a semidominant muta-
of these, Brachyury (T) (Herrmann et al., 1990), from several tion causing heterozygotes to have short tails, while homozy-
species (Cunliffe and Smith, 1992; Schulte-Merker et al., 1992; gotes have a more pronounced phenotype and die in utero
Yasuo and Satoh, 1993; Kispert et al., 1994), to a®cionados of with no organized axis distal to the forelimb bud (Chesley,
T-complex genetics there is the lingering question of whether 1935). Dunn characterized the natural polymorphism (now
there are two loci in the T/t complex affecting axis length or called t-haplotypes) found the world over that interacts with
whether there are two types of alleles at a single locus. Because T such that T/t mice are completely tailless. The puzzling
all t-haplotypes carry the tail interaction factor and show re- aspect was that mice carrying t-haplotypes in the absence of
the T mutation have normal tails as either heterozygotes or
homozygotes. Thus, the linked interaction factor by itself has1 The ®rst two authors contributed equally to this work. no phenotype.2 Present address: Department of Immunology, Scripps Research
When Mary Lyon discovered exceptional recombinationInstitute, La Jolla, California 92037.
in the early 1960s, some of the ®rst recombinants between3 To whom correspondence should be addressed. Fax: (512) 471-
9651. e-mail: artzt@uts.cc.utexas.edu. t and / chromosomes were observed to have unpredicted
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tail phenotypes (Lyon and Meredith, 1964). The number of driven by the H2Eka promoter inserted into a (CBA 1
recombinants of this type increased over the years (Voj- B10.M)f2. It was backcrossed once to B10.M and inter-
tiskova et al., 1976; Styrna and Klein, 1981; Sarvetnick et crossed ®ve times before coming to Austin and maintained
al., 1986; Nadeau et al., 1989), but only added to the confu- by crossing to BTNTTF/nev. The mutation referred to as T
sion about the pseudoallelism of T and the t-haplotype inter- is the original one descended from L. C. Dunn's stock and
action factor. Justice and Bode (1986) addressed the issue shown to be a 200-kb deletion by Herrmann et al. (1990).
directly by inducing a mutation to T in a t-haplotype. They Other alleles of T used are: THp, a large deletion (Forejt et
asked the question of whether T and t in cis would cause al., 1994); Tkt1 (Justice and Bode, 1990); and TJ, which is a
taillessness and whether recombination between T and tct spontaneous mutation that occurred in (BALB/c.Hu) in K.
could occur (by this time the tail interaction factor in t- Hummel's laboratory (Hummel, 1963). It was obtained by
haplotypes had been renamed tct). Even these innovative K.A. around 1970 and backcrossed over 12 generations to
experiments did not provide de®nitive answers. The mice BALB.cBy. All embryos were obtained from matings in
carrying T and tct in cis were short-tailed, but validated re- which the morning of a vaginal plug was considered Day 0.
combinants separating T and tct were not obtained (M. Jus-
tice, unpublished observation). The assessment remained
Southern Analysisthat T and t were two alleles at a single locus, mutations at
two closely linked loci, or two functionally related pseudoal- High molecular weight DNA from embryo, mouse liver,
leles of a complex locus (Justice and Bode, 1986, 1988). human blood, and various tissues from other species were
With the availability of molecular probes came an under- isolated by standard techniques. Restriction enzyme diges-
standing that there were inversions in t-haplotypes, and the tion, Southern transfer and hybridization techniques were
fact was ®rst fully appreciated that some of the unexpected
performed as described previously (Lader et al., 1989). The
phenotypes among the exceptional recombinants between
1.8-kb EcoRI T cDNA fragment was isolated from pSK75,t and / were due to duplications and deletions generated
a gift from B. G. Herrmann. All probes were labeled bywhen exceptional recombination occurred within the inver-
random hexamer priming (Feinberg and Vogelstein, 1983)sions (Sarvetnick et al., 1986). To add to this confusion, our
with [32P]dCTP to a speci®c activity of 109 cpm/mg.laboratory identi®ed an unlinked gene called tint (Artzt et
al., 1987) that by itself also has no phenotype, but that
interacts with both T and tct with great speci®city. A mod- Cloning of the Transgene Insertion Site
ern way of referring to tct and tint might be as enhancers
One hundred micrograms of DNA from a heterozygousof T. One fact that is clear is that the system of axis length
Tg// animal was digested with XbaI and run on a prepara-appears to be very dose-dependent (MacMurray and Shin,
tive 0.7% agarose gel. DNA in the size range of 4 to 8 kb1988) and multifactorial. What remains to be determined is
was cloned into the l gem4 cloning vector (Promega) andwhether there are one or two genes in the proximal t-com-
packaged into infectious bacteriophage particles with Giga-plex contributing to this phenomenon.
pack (Stratagene). This minilibrary was screened with a 0.6-The cloning of the T gene (Herrmann et al., 1990) did
kb transgene-speci®c probe. The ends of the inserts of posi-not resolve this question because the t-haplotype copy of
tive clones were dideoxy sequenced (USB) and analyzed forBrachyury appears to have no molecular lesion (B. G. Herr-
DNA other than that derived from the transgenic construct.mann, personal communication), and the wild-type copy of
T is not capable of complete correction of either the homo- A junction fragment isolated in this way (ins-1) was radiola-
zygous or heterozygous T phenotype (Stott et al., 1993). beled and used to screen a l FixII wild-type genomic library
Clearly the genesis and maintenance of the notochord is a (Stratagene) to isolate a clone containing the site of the
multifactorial process, and if several of the genes in the insertion.
pathway were to be identi®ed, it would be amenable to
investigation on a mechanistic level.
Brachyury Locus CharacterizationWe describe here an enticing phenotype which we have
named ``Brachyury the Second'' (T2). It was identi®ed dur- A cosmid containing the Brachyury structural gene was
ing the analysis of a mutation caused by a transgenic inser- isolated from a wild-type mouse pCOS2 library (Fig. 1). A
tion that maps to the region of T. The insertion does not restriction map was generated using the terminase method
interrupt the T structural gene, its de®ned regulatory region, (Rackwitz et al., 1985). DNA fragments spanning the length
or its expression in the primitive streak and node. The phe- of the cosmid were used to probe Southern blots of /// and
notype is similar to, but quite distinct from Brachyury, be- Tg//DNAs digested with EcoRI, BamHI, HindIII, and KpnI.
ing less affected in all measurable ways. However, it does
not complement T, tct, or the unlinked tint.
In Situ Hybridization
MATERIALS AND METHODS
Whole-mount, in situ hybridization was carried out as
Mice described by Wilkinson (1992). Embryos were ®xed in
MEMPFA (3.7% paraformaldehyde, 1 mM EGTA, 2 mMAll mice were maintained in the T/t colony in Austin.
The transgene consisted of the H2Kb class I coding sequence MgCl2 and 0.1 M Mops) overnight at 47C. Single-stranded
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FIG. 1. Restriction map of the Brachyury locus searched for the insertion. A cosmid was isolated using Herrmann's Brachyury cDNA
probe. When the restriction map was generated, two BamHI fragments of 3.8 and 0.8 kb were subcloned. These fragments, as well as the
T cDNA, were used as probes of Southern blots of genomic DNA from transgenic animals and wild-type controls digested with the
restriction enzymes BamHI, EcoRI, HindIII, and KpnI. The genomic fragments detected by these probes span from 7.5 kb downstream of
T to 15 kb upstream of T. No polymorphism was detected in the transgenic animals, indicating that the Brachyury structural gene and
its promoter were not rearranged by the 200-kb insertion.
RNA probes were synthesized from linearized plasmid con- crossed to the standard genetic background for T (BTNTTF/
taining T cDNA (a gift of B. G. Herrmann) in the presence nev), their tail lengths vary in a narrow range around 90%
of digoxygenin-UTP (Boehringer-Mannheim). Hybridization normal length when measured at birth (data not shown). In
was detected using alkaline phosphatase-coupled anti-di- fact, T2// is incompletely penetrant. Of a sample of 104
goxygenin antibodies (Boehringer-Mannheim) followed by newborns in which half were expected to be heterozygous
NBT/BCIP color reaction. Stained embryos were ®xed again for T2, only 43% had visibly shortened tails. In contrast,
in MEMPFA for 2 hr at 47C and then dehydrated by a series on the same background, the T mutation causes consistent
of methanol dilutions in PBT (PBS, 0.1% Tween 20). 35S In tail length of about 50% in the expected number of mice.
situ hybridization was carried out as described by Sasson T2/tct mice are also better off than T/tct mice because in-
and Rosenthal (1993). Single-stranded RNA probes were stead of being completely tailless, they have stumps averag-
synthesized from linearized plasmid containing hedgehog ing about 25% normal length.
(a gift from A. McMahon) and Brachyury cDNAs. Sections Examination of the pedigree of the transgenic line re-
were photographed using a confocal microscope (Bio-Rad). vealed that when T2// were bred together, their progeny
showed a phenotypic ratio of short to normal tails of 2:1.
Paraf®n Sections This ratio suggested that homozygous T2 embryos were
dying in utero. Homozygous lethality was con®rmed whenStained embryos were washed in 0.85% NaCl for 20 to
T2 heterozygotes with a lethal-bearing t-haplotype (T2/tct)30 min at 47C and then dehydrated with a series of ethanol/
were bred together. They produced only stumped-tailed ani-0.85% NaCl dilutions until 100% absolute ethanol. They
mals like themselves. This cross proved to be a balancedwere rinsed with xylene three times for 10 min each and
lethal cross in a manner wholly analogous to T/tct 1 T/tct.then incubated in paraplast:xylene 1:1 overnight at room
The absence of both short- and normal-tailed mice in thetemperature. The paraplast:xylene was melted at 58±607C
progeny indicated that both classes of homozygotes die be-and discarded. Embryos were rinsed with 100% paraplast
fore birth.three times for 1 hr each at 58±607C and then embedded.
In addition, the unlinked tint that has been shown toSections were 8±10 mm thick. Hematoxylin and eosin stain-
interact speci®cally with both T and tct also interacts withing was done according to standard procedures.
T2. In crosses of T2//, /// 1 ///, tint/tint, all of the T2
heterozygotes would also be heterozygous for tint. Of 21
RESULTS T2//, //tint mice examined in the ®rst postnatal week, all
of them had tails measuring 50% of normal littermates.
Heterozygotes for T2 Are Much Better Off Than This contrasted with the 90% tail length measured for T2
Those for T alone (N 50) without any phenotypic overlap. Thus, heter-
ozygosity for T2 and tint decreases the tail length to approxi-Heterozygotes for the transgenic insertion have a slightly
shortened tail with an occasional kink at the end. When mately the same length as T//.
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Transgene Insertion Is Linked to Proximal tion of the amnion and the presence of an umbilical connec-
tion. Twelve of twelve abnormal tailless embryos scoredChromosome 17
had achieved this milestone.
The transgene mutation did not segregate away from the When litters are dissected at E11±11.5, most of the abnor-
endogenous major histocompatibility complex (MHC) and mal embryos are moribund. They have stopped developing
thus appeared to be linked to it on chromosome 17. This sometime before attaining a visible rim of eye pigment, a
was con®rmed by crossing it to the recessive marker tufted prominent feature of normal embryos at E11. As judged by
(tf). tf resides approximately in the middle of the t-complex. lack of a beating heart, 4/12 T2/T2 embryos were dead at
When short-tailed, non-tufted heterozygous males (T2 /// this stage.
tf) were mated to normal-tailed, tufted females (/ tf// tf), Lastly, a sporadically occurring abnormality worth men-
of 98 progeny, all but 3 had the parental phenotype. The tioning involves the heart. Almost all descriptions of T
three short±tufted mice were recombinants and showed mention an enlarged heart or pericardial edema. A reason-
that the T2 insertion is linked to tf by a distance of about able assumption has been that this is a secondary effect of
3 cM. other problems. To this defect we should add that about
15±20% of Bob homozygotes have hearts that are literally
unfolded. The heart tube leaves the body and makes twoThe Embryo Lethal Phenotype of T2 Is Different
right angles before returning. It is impressive to see bloodfrom That of T
¯owing through this extracorporeal structure. This is also
seen in a percentage similar to our T/T control embryos.The Brachyury syndrome has been thoroughly character-
ized (reviewed in Beddington et al., 1992); however, the
severity varies somewhat depending on the genetic back-
T2 and T Do Not Complement One Anotherground. Our current T stock has the following homozygous
phenotype: at E8 a few abnormal embryos are normal size Super®cially, the new mutation appeared to be another
occurrence of Brachyury by several criteria: It mapped tobut have no somites, whereas normal embryos have four to
six somites. By Day E9±9.5 the expected 25% of embryos the t-complex, caused a short-tail phenotype in heterozy-
gotes, was lethal in the homozygous condition, and inter-are visibly abnormal and can be classi®ed into two catego-
ries of severity. Starting at E8.5, a more drastically affected acted strongly with the tail interaction factor (tct) of t haplo-
types and also the unlinked tint. However, signi®cant em-class has pronounced asymmetries of the neural tube in
both left/right and dorsal/ventral planes (Fig. 2A). These bryological differences were observed between the T2/T2
and T/T embryos. Since new mutations in Brachyury areembryos still have no externally detectable somites. A less
severely affected group at E9.5 has a relatively normal ante- frequent (Bennett et al., 1975) and the gene has already been
cloned (Herrmann et al., 1990), it was desirable to rule outrior end and a jumble of tissue in the posterior end (Fig.
2B). Although this group appears to be viable, they do not allelism of T and T2 before proceeding with a molecular
analysis of the transgenic insertion.continue to develop and die at E10.5, probably because they
fail to make the placental connection (Gluecksohn-Schoen- Genetic complementation tests of dominant genes with
similar phenotypes are rarely straightforward. If two genesheimer, 1944).
T2 homozygotes are noticeably better off. At E8±8.5 all are involved in this phenomenon, each parent in a T// 1
T2// cross provides a wild-type allele to confuse the situa-embryos appear normal and at E9±9.5 less than half of the
expected 25% are grossly abnormal (Table 1). However, tion. If embryos carrying T and T2 survived, it was unclear
whether their tail phenotype would be distinguishable frommany embryos are slightly retarded as judged by the number
of somites. An example of the most severely affected T2 either type of heterozygote in the same litter. Probes are
available to PCR-type both mutations; however, the classicembryos is shown in Fig. 2C. The external appearance of
the somites is relatively normal until a point between the Brachyury allele carries a deletion of 200 kb (Herrmann et
al., 1990), and thus only the T/T embryos would be distin-forelimb bud and the level of the future hindlimb bud.
At E10.5, a stage at which T/T embryos are already dead, guishable. Therefore, we decided that once the new syn-
drome was differentiated from that of T/T, the issue of com-T2/T2 embryos have continued to develop. Their posterior
ends have progressed far enough to have hindlimb buds. plementation between T2 and various alleles of T could
best be examined by analyzing developing embryos betweenHomozygotes are grossly recognizable by the fact that they
are tailless, while their littermates have developed 6±10 E8.5 and E11. Table 1 shows that none of the T alleles
tested are complemented by T2. However, there are somesomites in their tails (Figs. 2C and 2D). A second remarkable
difference from T/T is the presence of externally visible differences between the various T haplotypes. T2/T em-
bryos appear to have an intermediate phenotype. Most ofsomites. These appear normal anterior to the forelimb bud,
but although they are detectable in the posterior region, the abnormal embryos resemble T2/T2; however, a small
number display a classic T/T syndrome. Out of 12 embryosthey become externally ``fuzzy.'' Perhaps the most impres-
sive difference from the T syndrome is that all T2/T2 em- examined carefully for placental connection, only 6
achieved it. Several of the large deletions around T (T 40R,bryos achieve an allantoic connection. Several litters were
carefully dissected at E10.5 and examined for vasculariza- T 22H, THp) on small numbers of embryos examined appeared
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FIG. 2. Gross appearance of T and T2 homozygous embryos. (A) A severely affected T embryo at E8.5 showing the arrest of posterior
development and the kinked neural tube. (B) A normal E9.5 embryo (left) compared to a less severely affected T/T littermate. (C) A normal
E9.5 embryo compared to a T2/T2 littermate (D) A normal E10.5 embryo next to a T2 littermate showing that T2 has a hindlimb bud,
but no tail somites. T/T embryos at this age are dead.
as badly off as T/T and in some cases even worse. The most Brachyury, no notochord was ever formed as a structure
relevant complementation test would be to cross T2 with from E8.5 (data not shown) until E10.5 (Figs. 3B and 3C) in
a null allele of only the Brachyury gene. However, none T2 homozygotes. However, an intriguing difference is the
are known to exist; the T mutations described are large sporadic presence of ¯oor plate (FP) despite the apparent
deletions, an ENU mutation in a t-haplotype already car- absence of a notochord (Fig. 3C). This was surprising since
rying the tct mutation, or are gain of function alleles such as described by Placzek (1990), the notochord participates
as TWis and Tc (Beddington et al., 1992). Thus, although T2 in a series of inductive events to not only form FP, but also
does not complement the T alleles tested, it appeared that play a role in the patterning of somite maturation (Pourquie
a more thorough analysis of the T2/T2 syndrome was war- et al., 1993). At this point, the T2 phenotype again differs
ranted. from that of classical T because precursor notochord cells
are present and are able to induce a sporadic ¯oor plate.
Hedgehog (Hh) was chosen as a molecular marker to de-
Detailed Examination of T2 Homozygotes Reveals tect the presence of these notochord cells in T2 homozy-
a New Phenotype gotes at E10.5. Expression of Hh con®rms the presence of
notochord cells (Figs. 4C and 4E). In most cases, NC express-Important hallmarks of the Brachyury syndrome are the
ing Hh were found at the base of the neural tube throughoutabsence of notochord and ¯oor plate and the lack of somites.
the whole anterior±posterior axis. They are frequently tooIn order to evaluate these structures in the T2 homozygotes,
close to the ¯oorplate for their position to be considereda selected number of abnormal embryos between E8.5 and
E11.5 were sectioned for histological examination. As with normal. Notably, they are mesenchymal in shape and are
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TABLE 1
T2 Embryo Summary
Embryonic Retarded Grossly Dead The % abnormal
Cross age Total Normal Molesa embryos abnormal abnormal dead/alive/total
T2// 1 T2// 8.5 52 48 2 2 0
9.5 129 90 12 14 13 10
10.5 159 105 17 3 34 21
11.5 39 23 4 12 4 41
T2// 1 T// 8.5 18 17 1 0
9.5b 59 39 4 3 13 22
10.5 23 18 1 4 17
T2// 1 T J// 10.5 14 8 2 4 29
T2// 1 T Hp// 9.5 23 12 1 3 7 3 43
10.5 27 19 1 1 6 3 33
T2// 1 Tkt1// 9.5 13 8 3 1 1 NRc
10.5 13 7 3 3 NR
13 15 5 10 10 NR
T// 1 T// 9.5 31 17 4 1 9 1 32
10.5 29 16 1 6 6 41
T2// 1 /// 9.5 24 22 1 1 0
a Moles are empty deciduae.
b This includes a litter that was PCR typed. It was done by including a t polymorphism.
c Not relevant because the male Tkt1 has a 95% transmission ratio of his T chromosome. It is a complete t haplotype containing the
tcl.tw5 lethal.
never compacted into a round structure. Therefore, they are occurred within the Brachyury locus, there should be exten-
sive rearrangement easily detectable by restriction fragmentnot detectable unless markers are used. Hh expression is
also detected in the ¯oorplate of T2 homozygotes. length polymorphism (RFLP) analysis. To examine the
structure of the Brachyury structural gene, a T cDNA wasAnother difference between T2 and T is the amount of
lateral mesoderm formed. In T2 homozygotes more than 25 used in Southern analysis of DNA from normal and T2
heterozygotes. A comparison of the restriction patterns ofsomites are formed, in contrast to T/T embryos. However,
the posterior somites in T2 embryos are disorganized (Fig. wild-type control and transgenic DNAs with a number of
restriction enzymes indicated no rearrangement or deletion3F). At E10.5, normal somites are undergoing a morphologi-
cal transformation in which mesenchymal cells are becom- of the T gene (Fig. 5C).
Although the coding region is unaltered in T2, it was stilling dermotome, myotome, and sclerotome (Fig. 3D). T2 so-
mites fail to undergo this transition and resemble immature possible that the insertion inactivated T by disrupting the
promoter. Stott et al. (1993) reported that 8 kb 5* of thewild-type somites (Fig. 3E). Although some differentiation
into dermotome is observed at their dorsolateral side, the T gene is suf®cient to drive tissue-speci®c expression in
transgenic animals and therefore should contain the intactventral portion does not show any indication of becoming
scleratome, probably because no organized notochord is promoter. To investigate the status of the T promoter, we
isolated fragments of genomic DNA mapping from 6 to 12present.
The tail bud is extremely disorganized. In addition, in kb upstream of the gene (Fig. 1). Probes from these regions
failed to detect any rearrangement in the Brachyury locuscross sections of E11 embryos, the most advanced signs of
necrosis are in the lateral neural tube, which might indicate in T2 animals. Thus, the promoter region does not appear
to contain the insertion.that these cells are the ®rst cells to die (data not shown).
The embryological study of T2 led to the conclusion that Since the T gene and its promoter are intact in T2 animals,
they should be functional. Brachyury is normally expressedits phenotype was suf®ciently different from classical
Brachyury that a molecular analysis was warranted. in the primitive streak (PS) of E7.5 embryos and in the node
and notochord in embryos from E8.5 on. The T cDNA probe
was used in whole-mount, in situ hybridization of T2 em-The Brachyury Locus Is Unaffected by the bryos at E7.5, an age when the homozygous T2 embryo
Transgene Insertion is still indistinguishable from normal littermates. In these
litters, in which 25% of the offspring are expected to beThe DNA incorporated into the transgenic founder ani-
mal consisted of many copies of a 2.2-kb H2 class II pro- homozygotes, T is expressed normally in the PS of all 31
embryos examined (Fig. 4A). At E9.5, when T2 homozygousmoter linked to a 1.8-kb H2 class I cDNA. If the insertion
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FIG. 4. Expression pattern of Brachyury (T) and hedgehog (Hh). (A) Whole-mount, in situ hybridization of an E7.5 T2// 1 T2// litter
using T as probe. (B, C) Cross sections at the anterior level of T2/T2 embryos at E10.5 showing expression of T (B) and Hh (C). Notochord
cells are positive for T and Hh (arrow). In addition, expression of Hh in the ¯oorplate appears to be normal. Expression of T (D) and Hh
(E) in the posterior region of T2/T2 embryos at E10.5 (arrow). PS, primitive streak; nd, node; and nt, neural tube.
are retarded and lack an organized notochord, we do not transgene, screening a genomic library from T2 animals and
®nding the ends of the insertion would be an arduous task.detect any expression with whole-mount, in situ hybridiza-
tion. However, by 35S in situ hybridization, we were able We, therefore, decided to clone the ¯anking fragments selec-
tively by digesting T2// DNA with restriction enzymesto identify individual cells expressing Brachyury. Like the
Hh-expressing cells, the T-expressing cells were located at that cut the transgene construct once each copy. With a
transgene probe, the restriction pattern showed one ex-the base of the neural tube and at the posterior region of
the embryo (Figs. 4B and 4D). This leads to the conclusion tremely repetitive band, the size of one transgene unit, and
several single-copy bands. One band corresponded to thethat the T gene is being expressed in notochord cells of
endogenous class II sequence seen in wild-type DNA, andT2 mutants. However, because T2 mutants have a variable
the others, presumably, were the ends of the T2 insertion.number of notochord cells, it is not possible to quantify the
Restriction enzyme-digested genomic DNA was size-se-T message. Clearly, the mutation generated by the insertion
lected, subcloned, and screened with a transgene-speci®cis not a simple knockout of T even though the two muta-
probe. Clones corresponding to each of the nonendogenoustions fail to genetically complement one another.
unique-copy species were isolated and characterized.
Molecular Characterization and Mapping of the Restriction mapping and sequencing revealed that two
Insertion Site classes of clones were transgene DNA rearranged in a head-
Since the mouse has on average 30 endogenous H-2 class to-head con®guration. The third class contained a true junc-
tion fragment, with transgenic DNA fused to 600 bp ofI genes, and the insertion contained many copies of the
FIG. 3. Histological analysis of wild-type and T2/T2 embryos. (A) Sagittal section of a /// embryo at E10.5 showing the notochord. (B)
One of the serial sagittal sections of T2/T2 embryo showing the absence of a notochord. (C) Cross section of a T2/T2 embryo at E10.5
con®rming the absence of a notochord and the presence of a ¯oor plate. (D) /// somites at E10.5 that have undergone maturation. (E)
/// immature somites (tail region of a E10.5 embryo) showing no signs of maturation at this point. (F) T2/T2 somites at E10.5 showing
incomplete maturation. N, notochord; FP, ¯oor plate; NT, neural tube; and S, somites.
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FIG. 5. (A) Southern analysis of transgene insertion site using ¯anking DNA ins-1 as a probe. (Lanes 1, 3) /// control DNA. (Lanes 2,
4) T2// DNA. Lanes 1 and 2 are TaqI digests, and lanes 3 and 4 are BamHI. (B) Using ins-2 as a probe on the same blot as in A. (C)
Southern analysis using TcDNA as a probe in transgenic animals. (Lanes 1, 3, 5, and 7) /// control DNA. (Lanes 2, 4, 6, and 8) T2//
DNA. Digestion is with BamHI in lanes 1 and 2, EcoRI in lanes 3 and 4, HindIII in lanes 5 and 6, and KpnI in lanes 7 and 8.
novel ¯anking DNA (ins-1). The identity of this fragment the T locus. While super®cially resembling Brachyury with
was con®rmed by Southern analysis of T2 and wild-type posterior end defects, it is signi®cantly different. The de-
DNAs. ins-1 detects single-copy, transgenic-speci®c restric- fects begin more caudally and a day later than in T/T em-
tion length polymorphisms (Fig. 5A). Pulsed ®eld gel analy- bryos. At all phenotypic levels, T2 is better off than
sis of T2 genomic DNA using this probe detects a shift in Brachyury; nevertheless, heterozygotes still have a short-
size of wild-type bands by 200 kb. Thus, there are approxi- ened tail and homozygotes die with dramatic disorganiza-
mately 50 copies of the transgene construct in the T2 inser- tion in the posterior end. As with T/T, there is no visibly
tion (data not shown). organized notochordal structure. However, important con-
Using ins-1, the insertion was mapped by RFLP analysis. trasting features are: sporadic presence of notochord cells,
Precise mapping was simpli®ed when it was discovered that regions of ¯oorplate, and many externally visible posterior
the probe was deleted in several well-characterized deletion somites.
mutants in the proximal region of chromosome 17. Most The establishment of a placental connection and the
notably, ins-1 was missing in the 200-kb deletion of the amount of lateral mesoderm present in T2 are striking dif-
original T mutation (data not shown). Since the T gene is ferences from the T homozygous phenotype. As de®ned by
located in the approximate center of this deletion, the T2 Beddington (1992), T/T cells do not migrate as well as ///
insertion, while not disrupting the T gene, must be located cells when leaving the PS and Brachyury's lack of a placen-
within 100 kb of it on one side or the other. The ins-1 tal connection is due to the failure of PS mesoderm to mi-
probe was used to isolate several wild-type l genomic clones grate and populate the allantois. Most likely, T2 achieves
which, when aligned, span over 30 kb. The region ¯anking
this connection due to the normal expression of Brachyury
the insertion site is diagrammed in Fig. 6. Isolation of the
in the PS of T2 embryos. The ability to obtain nutrition
second junction fragment, ins-2 (shaded box, Fig. 6), demon-
may explain why T2 homozygotes live a day longer thanstrates that upon integration, the transgene deleted approxi-
Brachyury. The same migration argument extends to themately 4 kb of host DNA. Like ins-1, ins-2 detects
somitic mesoderm formation. In the case of T2, the migra-transgenic-speci®c RFLPs on Southern analysis (Fig. 5B).
tion of mesodermal cells is probably normal because moreAside from the 200-kb insertion and this deletion, we could
somitic blocks are formed, in contrast to T. Patterning ofdetect no other rearrangements on extensive Southern anal-
the somites is what is disrupted in T2, probably because ofysis using probes from this region.
the lack of a notochord as a structure. This extended period
of T2 development conveniently uncouples the early and
late effect of the Brachyury syndrome. The lack of theseDISCUSSION
early defects in T2 embryos suggests that T is properly ex-
pressed at this early stage. The notochordal cells in T2 mu-We have described a new lethal syndrome affecting chor-
damesoderm that is caused by a transgenic insertion near tants expressing T and Hh are likely to be responsible for
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FIG. 6. Physical map of the transgene insertion site. Open boxes 1 and 2 represent ins-1 and ins-2 probes. The stippled box is a ``GRAIL''-
positive exon. The black box is a zoo blot-positive fragment. E, EcoRI; B, BamHI; and X, XbaI.
inducing a ¯oorplate. This argues that T2 notochord cells is located in the 200-kb Brachyury deletion, which is not
being provided in the rescue experiments. We believe thatare present during a critical time for ¯oorplate induction.
While differing from the mouse Brachyury syndrome, the T2 is a knockout of this gene. Our prediction is that both
T and T2 are required for formation and maintenance of theT2 phenotype is strikingly similar to that seen in the zebra-
®sh Brachyury mutant named no tail (ntl). Two mutant notochord.
Validation of this hypothesis awaits isolation of the T2alleles of zebra®sh Brachyury have been extensively ana-
lyzed, and they are quite different from mouse (Schulte- gene. On the genetic level, the compelling paradox is that
although T2 does not complement T, we can ®nd no evi-Merker et al., 1994a,b). ntl embryos make notochordal pre-
cursor cells, which fail to differentiate into a notochord, but dence for a molecular lesion in its /T gene nor any disrup-
tion of the known T regulatory region. At the present levelwhich are suf®cient to induce ¯oorplate in the neural tube
(Halpern et al., 1993). This is very similar to T2 mutants of understanding, there are two formal genetic explanations.
One is that there are essential parts of T that have eluded(Fig. 4C). In contrast, mouse T mutants make no ¯oorplate,
which suggests that they do not form notochord precursor description, possibly an additional promoter and exon(s)
that have been disrupted by the transgene. An alternate,cells. If they do form notochord cells, there are two possibili-
ties: either these cells are unable to induce a ¯oorplate or and more attractive, possibility is that there are actually
two Brachyury genes which are relatively physically closethey die before the time of induction. Assuming that these
two mutations, T and ntl, are null alleles of the same gene, to one another in the mouse genome, but which do not
share any homology. If there was signi®cant homology, thewhy do they have different phenotypes? The major differ-
ence between them is that mouse T allele is caused by a second gene would surely have been identi®ed in the many
different species from which T has been cloned (Smith etlarge deletion and ntl in zebra®sh is a rearrangement of
only the Brachyury locus. A possible explanation of the al., 1991; Schulte-Merker et al., 1992; Yasuo and Satoh,
1993). This putative second gene could be synonymous withphenotypic differences is that there are two genes located
in the T deletion that are involved in notochord formation. the tct gene of t-haplotypes that cause T/tct mice to be
tailless.T deletes them both, while ntl knocks out only one. In the
case of T2 mutants, the defect is probably in the other gene If, as suspected, there are two separate genes that do not
genetically complement each other, there are several note-that is in the T deletion and which interacts with classical
Brachyury at the notochord level. That would explain why worthy points. Since T2 maps to the original T deletion,
then both genes must be null in that haplotype. Second,ntl and T2 share such a similar phenotype: each have only
one of two genes mutated. one would have to predict that the products of the two
genes would interact at the protein level, as for example inResults obtained in Brachyury transgenic rescue experi-
ments lend some support to the two genes hypothesis. Stott a heterodimer during a critical period of development. This
notion is reasonable in light of the fact that T is a transcrip-et al. (1993) produced transgenic animals incorporating a
wild-type copy of Brachyury along with the upstream and tion factor (Schulte-Merker et al., 1992; Kispert and Herr-
mann, 1993; Kispert et al., 1994), and many such proteinsdownstream ¯anking sequences. While this exogenous copy
of /T improved the heterozygous short-tailed phenotype, it are known to function as heterodimers. Finally, there is
an existing precedent for multiple genes interacting withdid not rescue homozygous lethality. All of the data taken
together suggest that in addition to Brachyury, another gene Brachyury, as the unlinked tint gene. tint is known to in-
Copyright q 1995 by Academic Press, Inc. All rights of reproduction in any form reserved.
/ m4070$8021 10-06-95 19:38:15 dba Dev Bio
216 Rennebeck et al.
onic coelom of the chick. Proc. Natl. Acad. Sci. USA 30, 134±crease the severity of both the T and the tct phenotypes
140.even though it has no abnormal phenotype when it alone
Halpern, M. E., Ho, R. K., Walker, C., and Kimmel, C. B. (1993).is homozygous.
Induction of muscle pioneers and ¯oor plate is distinguished byAlthough de®nitive data are lacking, historical data on T
the Zebra®sh no tail mutation. Cell 75, 99±111.and the initial molecular analysis of T2 presented here favor
Herrmann, B. G., Labeit, S., Poustka, A., King, T. R., and Lehrach,
the two gene explanation. Cloning of the postulated T2 gene H. (1990). Cloning of the T gene required in mesoderm formation
would be crucial to clarify some aspects of the notochord in the mouse. Nature 343, 617±622.
formation in mice. If true, the two genes at the T locus and Hummel, K. (1963). Personal Communication. Mouse News Lett.
the unlinked tint would provide three valuable interacting 28, 32.
tools to dissect the genesis of axial mesoderm. If, on the Justice, M. J., and Bode, V. C. (1986). Introduction of new mutations
in a mouse t-haplotype using ethylnitrosourea mutagenesis.other hand, T2 represents a new hypomorphic allele of T
Genet. Res. 47, 187 ±192.that divorces early from late effects, then an in-depth em-
Justice, M. J., and Bode, V. C. (1988). New evidence supporting thebryological analysis of 11-day T2 homozygotes will provide
allelism of T and tct. Mouse News Lett. 80, 168±170.some interesting clues about the developmentally down-
Justice, M. J., and Bode, V. C. (1990). ENU-induced allele ofstream targets of T.
Brachyury (Tkt1) exhibits a developmental lethal phenotype simi-
lar to the original Brachyury (T) mutation. J. Exp. Zool. 254, 286±
295.
ACKNOWLEDGMENTS Kispert, A., and Herrmann, B. G. (1993). The Brachyury gene en-
codes a novel DNA binding protein. EMBO J. 12, 3211±3220.
Kispert, A., and Herrmann, B. G. (1994). ImmunohistochemicalThis work is dedicated to the memory of L. C. Dunn, 1893±1974,
analysis of the Brachyury protein in wild type and mutant mouse.belatedly on the centennial of his birth. This work was supported
Dev. Biol. 161, 179±193.by NICHD Grants HD10668 and HD30658 (K.A.).
Kispert, A., Herrmann, B., Leptin, M., and Reuter, R. (1994). Homo-
logs of the mouse Brachyury gene are involved in the speci®ca-
tion of posterior terminal structures in Drosophila, Tribolium,REFERENCES
and Locusta. Genes Dev. 8, 2137±2150.
Lader, E., Ha, H.-S., O'Neill, M., Artzt, K., and Bennett, D. (1989).
Artzt, K., Cookingham, J., and Bennett, D. (1987). A new mutation
tctex-1: A candidate gene family for a mouse t complex sterility
(t-int) interacts with the mutations of the mouse T/t complex
locus. Cell 58, 969±979.
that affect the tail. Genetics 116, 601±605.
Lyon, M. F., and Meredith, R. (1964). Investigations of the nature
Beddington, R. S. P., Rashbass, P., and Wilson, V. (1992).
of t-alleles in the mouse. II. Genetic analysis of an unusual mu-
BrachyuryÐa gene affecting a mouse gastrulation and early or-
tant allele and its derivatives. Heredity 19, 313±325.
ganogenesis. Development 1992(Suppl.), 157±165.
MacMurray, A., and Shin, H.-S. (1988). The antimorphic nature ofBennett, D., Dunn, L. C., Spiegelman, M., Artzt, K., Cookingham,
the Tc allele at the mouse T locus. Genetics 120, 545±550.J., and Schermerhorn, E. (1975). Observations on a set of radia-
Nadeau, J. H., Varnum, D., and Burkart, D. (1989). Genetic evidencetion-induced dominant T-like mutations in the mouse. Genet.
for two t complex tail interaction (tct) loci in t haplotypes. Genet-Res. 26, 95 ±108.
ics 122, 895±903.Chesley, P. (1935). Development of the short-tailed mutant in the
Placzek, M., Tessier-Lavigne, M., Yamada, T., Jessel, T., and Dodd,house mouse. J. Exp. Zool. 70, 429±459.
J. (1990). Mesodermal control of neural cell identity: Floor plateConlon, F. L., Wright, C. V. E., and Robertson, E. J. (1995). The
induction by the notochord. Science 250, 985±988.effects of the TWis mutation on notochord formation and mesoder-
Pourquie, O., Coffey, M., Teillet, M.-A., Ordahl, C., and Le Dovarin,mal patterning. Mech. Dev. 49, 201±209.
N. M. (1993). Control of dorsoventral patterning of somitic deriv-Cunliffe, V., and Smith, J. C. (1992). Ectopic mesoderm formation
atives by notochord and ¯oor plate. Proc. Natl. Acad. Sci. USAin Xenopus embryos caused by widespread expression of a
90, 5242±5246.Brachyury homologue. Nature 358, 427±430.
Rackwitz, H. R., Zehetner, G., Murialdo, H., Delius, H., Chai, J. H.,Dunn, L. C., and Caspari, E. (1945). A case of neighboring loci with
Poustka, A., Frischauf, A.-M., and Lehrach, H. (1985). Analysis ofsimilar effects. Genetics 30, 543±568.
cosmids using linearization by l terminase. Gene 40, 259±266.Echelard, Y., Epstein, D. J., St-Jaques, B., Shen, L., Mohler, J.,
Rao, Y. (1994). Conversion of a mesodermalizing molecule, theMcMahon, J. A., and McMahon, A. P. (1993). Sonic hedgehog, a
Xenopus Brachyury gene, into a neuralizing factor. Genes Dev.member of a family of putative signaling molecules, is implicated
8, 939 ±947.in the regulation of CNS polarity. Cell 75, 1417±1430.
Roelink, H., Augsburger, A., Heemskerk, J., Korzh, V., Norlin, S.,Feinberg, A. P., and Vogelstein, B. (1983). A technique for radiola-
Ruiz i Altaba, A., Tanabe, Y., Placzek, M., Edlund, T., and Jessell,beling DNA restriction endonuclease fragments to high speci®c
T. M. (1994). Floor plate and motor neuron induction by vhh-1,activity. Anal. Biochem. 132, 6±13.
a vertebrate homolog of hedgehog expressed by notochord. CellForejt, J., Artzt, K., Barlow, D. P., Hamvas, R. M. J., Lindahl, K. F.,
76, 761±775.Lyon, M. F., Klein, J., and Silver, L. M. (1994). Mouse Chromo-
Sarvetnick, N., Fox, H. S., Mann, E., Mains, P. E., Elliott, R. W.,some 17. Mamm. Genome 5, S238±S258.
and Silver, L. M. (1986). Nonhomologous pairing in mice hetero-Gluecksohn-Schoenheimer, S. (1938). The development of two
zygous for a t haplotype can produce recombinant chromosomestailless mutants in the house mouse. Genetics 23, 573±584.
with duplications and deletions. Genetics 113, 723±734.Gluecksohn-Schoenheimer, S. (1944). The development of normal
and homozygous Brachy (T/T) mouse embryos in the extraembry- Schulte-Merker, S., Ho, R. K., Herrmann, B. G., and Nusslein-Volh-
Copyright q 1995 by Academic Press, Inc. All rights of reproduction in any form reserved.
/ m4070$8021 10-06-95 19:38:15 dba Dev Bio
217Brachyury the Second
ard, C. (1992). The protein product of the zebra®sh homologue Stott, D., Kispert, A., and Herrmann, B. G. (1993). Rescue of the
tail defect of Brachyury mice. Genes Dev. 7, 197±203.of the mouse T gene is expressed in nuclei of the germ ring
and the notochord of the early embryo. Development 116, 1021± Styrna, J., and Klein, J. (1981). Evidence for two regions in the
mouse t complex controlling transmission ratios. Genet. Res. 38,1032.
Schulte-Merker, S., van Eeden, F. J. M., Halpern, M. E., Kimmel, 315±325.
Vojtiskova, M., Viklicky, V., Voracova, B., Lewis, S. E., and Glueck-C. B., and Nusslein-Volhard, C. (1994a). no tail (ntl) is the zebra-
®sh homologue of the mouse T (Brachyury) gene. Development sohn-Waelsch, S. (1976). The effects of a t-allele (t[AE5]) in the
mouse on the lymphoid system and reproduction. J. Embryol.120, 1009±1015.
Schulte-Merker, S., Hammerschmidt, M., Beuchle, D., Cho, K. W., Exp. Morphol. 36, 443±451.
Wilkinson, D. G. (1992). Whole mount in situ hybridization ofDe Robertis, E. M., and Nusslein-Volhard, C. (1994b). Expression
of zebra®sh goosecoid and no tail gene products in wild-type and vertebrate embryos. In ªIn Situ Hybridization, A Practical Ap-
mutant no tail embryos. Development 120, 843±852. proachº (D. G. Wilkinson Ed.) pp. 75 ±83. IRL Press, New York.
Smith, J. C., Price, B. M. J., Green, J. B. A., Weigel, D., and Herr- Wilson, V., Rashbass, P., and Beddington, R. S. P. (1993). Chimeric
mann, B. G. (1991). Expression of a Xenopus homolog of analysis of T (Brachyury) gene function. Development 117, 1321±
Brachyury (T) is an immediate-early response to mesoderm in- 1331.
duction. Cell 67, 79±87. Yasuo, H., and Satoh, N. (1993). Function of vertebrate T gene.
Spiegelman, M. (1976). Electron microscopy of cell associations in Nature 364, 582±583.
T-locus mutants. In ``Embryogenesis in Mammals; Ciba Founda-
Received for publication May 16, 1995tion Symposium'' (K. Elliott and M. O'Connor Eds.) Vol. 40, pp.
199±220. Blcs Demand UMI, Ann Arbor, MI. Accepted August 1, 1995
Copyright q 1995 by Academic Press, Inc. All rights of reproduction in any form reserved.
/ m4070$8021 10-06-95 19:38:15 dba Dev Bio
